The losses in the laminated core of a 150-kVA wound-field synchronous machine are investigated with calorimetric measurements and a numerical iron-loss model for steel laminations. Both grid supply and pulse-width modulated inverter supply with 1-kHz and 6-kHz switching frequencies are studied. The effect of rotor lamination material on the total core losses is studied by measuring and simulating the machine with three prototype rotors, the first one being stacked of insulated 0.5-mm FeSi sheets and the last two of uninsulated 1-mm and 2-mm steel sheets, respectively. At no load, the losses in the frame of the machine are shown to be extremely significant with voltages above the rated one. The results on load operation show that the additional inverter-induced core losses are significantly larger with the thicker sheets. The rotor eddy-current loss is the most affected component due to the loading and the distorted supply voltage. However, unlike expected and predicted by the model, the differences in the losses between the 1-mm and 2-mm rotors are negligible in no-load operation and relatively small also at load operation.
distorted air-gap flux density at inverter supply. Considering the high powers of synchronous machine applications, we find it important to study the effect of the inverter supply on the core losses also in the WFSMs. Possibilities of reducing these losses easily lead to large absolute energy savings in the drive, as well as in the whole energy conversion and transmission chain.
In this paper, we perform a study of the core losses for a 150-kVA, 400-V, 4-pole, laminated-rotor synchronous machine. By core loss, we mean not only the iron loss, but also any other loss component included in the total electromagnetic losses of the machine, but not in the winding copper losses calculated based on DC resistance measurements. A calorimetric measurement system is used to directly determine the total electromagnetic losses with grid supply, as well as with pulse-width modulated (PWM) inverter supply using switching frequencies of both 1 and 6 kHz. From the total electromagnetic losses, the core losses are segregated by subtracting the copper losses of the windings. Three rotors stacked of insulated 0.5-mm Fe-Si sheets and 1-mm and 2-mm uninsulated steel sheets are used in the measurements. The calorimetric method yields good enough accuracy in order to properly distinguish the effect of rotor lamination material on the losses. It is shown experimentally that the 1-mm and 2-mm laminations are much more severely influenced by the loading and the distorted voltage waveform than the 0.5-mm sheets.
We also contribute to the field of numerical evaluation of the core losses by modeling the test machine with the 2-D finiteelement (FE) method coupled to models for the hysteresis, eddy-current and excess losses in the core laminations. The aim is to segregate the losses into different components as well as to evaluate the suitability of the FE model and the lamination model to predict the total core losses. Contrary to the most commonly-used experimental iron-loss models, the applied model is more physical in nature which makes it valid for arbitrary and distorted flux-density waveforms and allows its identification from a smaller amount of experimental data. Only the static major hysteresis loops and the electrical conductivities are needed for the sheets.
Methods

Test Machine
The test machine is a 150-kVA low-voltage synchronous generator for an industrial diesel-generator application. The rated data and some dimensions of the machine are summarized in Table I . The stator slots of the machine have been axially skewed by one slot pitch to reduce the harmonic contents of the no-load voltage.
For the test machine, three rotors identical in geometry but stacked of different lamination materials were manufactured in order to study the dependency of the losses on the sheet material and to verify the lamination model. The first rotor is stacked of insulated 0.5-mm Fe-Si electrical steels while the last two are stacked of 1-mm and 2-mm uninsulated steel sheets, respectively.
The electrical conductivities of the materials are summarized in Table II . The stator material is the 0.5-mm Fe-Si sheet used for the first rotor.
Calorimetric Measurement System
The measurements were performed with the calorimetric system described in detail in [25] . The total losses were determined from the heat dissipation of the machine by measuring the temperature rise, mass flow rate and heat capacity of the cooling air.
To calibrate the system, the power transferred by the coolant air was first measured as a function of DC power supplied to heater resistors. During the actual test run, the machine losses were then obtained from the calibration curve by interpolating to the measured coolant power. This comparison allows any heat leakage or systematic measurement errors to be neglected from the results, provided that the thermal conditions between the calibration measurement and the test run are identical. To obtain direct correspondence between the heater power and the total electromagnetic losses, the unexcited test machine was rotated by a prime mover during the calibration.
The measurement error has been estimated theoretically by calculating the combined uncertainty in the power loss based on the inaccuracies of the sensors and the differences in the heat-leakage conditions between the test run and the calibration. Errors of 5.0 %, 2.9 % and 1.9 % were reported in [25] for the total electromagnetic losses at no-load operation, and at 50 % and 100 % loads, respectively. From the total electromagnetic losses, the core losses are segregated by subtracting the copper losses of the armature and field windings. In addition to the iron losses, the core losses will thus include, for instance, the losses caused by the damper-winding currents, circulating currents in the parallel conductors of the stator winding as well as eddy currents and hysteresis in the frame and other support structures of the machine.
Finite-Element Model with Lamination Iron Losses
The core losses are numerically analyzed with the 2-D FE method including a model for the core lamination iron losses [26] . In brief, the model couples the 2-D FE solution of the flux-density distribution in the cross section of an electrical machine to a numerical solution of the 1-D diffusion problem for the flux density in the core lamination. If the cross section is placed in the xy-plane, the z-axis points in the axial direction and the 1-D problem is described by
Here h is the magnetic field strength, b is the magnetic flux density and σ is the electrical conductivity of the lamination material.
The constitutive magnetic material law, i.e. the h(b) relationship, is generally hysteretic and possibly rate-dependent if local excess losses are considered. The inverted vector Preisach hysteresis model (PHM), and a dynamic expression for the excess field strength are used to model the hysteretic and rate-dependent magnetization properties. However, to improve the convergence properties and to speed up the computation, only single-valued (SV) material properties are considered during the FE solution, and the hysteresis and excess losses are calculated in the post-processing stage. This can be done without a significant loss of accuracy as justified in [27] . The hysteresis, classical eddy-current and excess losses are calculated from the 1-D flux-density distribution as described in [26] .
The mesh of the machine is shown in Fig. 1 . To evaluate the losses in the support structures around the core, the steel frame is modeled as a solid conducting region. Since the conductivity and the magnetization properties of the frame are not known accurately, they are assumed to be the same as those of the shaft.
The axial skewing is not taken into account in the 2-D model. Based on the results of [28] - [31] , the inter-bar currents flowing between the damper-winding bars are known to be increased by the skewing, which is likely to cause the actual rotor core losses to be larger than the simulated ones. The skewing could be modeled with a sliced 2-D model coupled to a circuit representation of the inter-bar currents [32] , but determining a suitable value for the bar-to-iron contact resistance is difficult since the phenomenon is very statistical in nature [30] , [31] . Owing to the skewing, the harmonic contents in the measured no-load voltage and armature current are likely to be smaller than in the simulated ones. Thus, the operation points at no-load and load operation were determined from the fundamental component of the no-load voltage and the active electrical power, respectively, for both the simulations and measurements. In addition to the skewing effects, the circulating currents in the parallel paths and wires of the stator winding are neglected from the FE model. For the parallel paths, these currents were measured and noticed to be negligible.
In all of the simulations presented in this paper, 2 nd -order FEs were used and one supply period was discretized into 2000 time steps. The rotor was forced to rotate at the synchronous speed while the stator and field windings were supplied from voltage sources, except in open-circuit operation in which the stator current was set to zero. To accurately model the skin effect, (1) was solved by approximating the flux density by a three-term cosine series as seen necessary in [27] .
Identification of Core Materials
One aim of this work was to identify the materials with as few measurements as possible. Thus only the static major hysteresis loops were measured for the three materials, and a theoretical approach was used to determine the Everett functions required for the PHM [33] . The magnetization curves were measured from 300 mm × 30 mm Epstein strips cut in arbitrary directions to neglect any effects of anisotropy. The first-order reversal curves (FORCs) were determined analytically by employing the approach of [34] with the exception that numerical interpolation was used instead of an analytical function to approximate the major loop. In the approach, the FORCs are modeled by a simple analytical function ensuring their intersection at the selected maximum flux density b s , above which the material is assumed anhysteretic. The notation is shown in Fig. 2 a) . 
in which the constant parameter β controls the shape of the FORCs. Knowing Δb, the value of h on the FORC can be determined from the major loop as
More details on the model can be found in [34] .
From the analytical FORCs, the Everett function for the scalar PHM was calculated according to [33] . The vector model, [35] , applies the scalar model into a finite number of directions, and sums up the results to form the output field-strength vector. The
Everett function for the vector model has to be identified so that the model produces the unidirectionally measured Everett function as output when supplied with alternating flux density. This identification problem derived in [35] was solved by the Gauss-Jacobi integration method presented in [36] .
In the numerical implementation, the major loops were discretized into 100 steps equally distributed in b. The same 100 points were used as the reversal points for the FORCs. Due to the lack of experimental FORC data and since the effect of the minor loops on the results of the FE simulations can be considered to be relatively small especially in a saturated machine, parameters β were chosen so that the FORCs output from the vector model seemed visually reasonable and didn't cross the major loop. For the 0.5-mm, 1-mm and 2-mm sheets, respectively, the values of b s were 2.07 T, 1.603 T, and 1.603 T, and the values of β were 9, 2 and 5. Fig. 2 b) shows the modeled and measured hysteresis loops for the three materials. Some modeled minor loops and the SV curves used in the calculation are also shown. The 0.5-mm Fe-Si sheet can be seen to have a higher permeability below 1 T and much smaller static hysteresis loss than the other two sheets.
To verify that the material properties and the FE model were implemented correctly, the no-load and short-circuit curves were measured and compared to simulations. The open-circuit operation is a good operating point for verifying the material properties while the short-circuit curves can be used to verify that the circuit equations are implemented correctly. A good correspondence in both cases can be observed in Fig. 3 for all the three rotors. The effect of the rotor material on the no-load curve is small since the no-load current is mostly determined by the air-gap length and the relatively long stator back iron.
Application and Results
Losses in No-Load Operation
The no-load core losses were both measured and simulated with open stator terminals as a function of the terminal voltage. The results with the three rotors are shown in Fig. 4 , in which the losses measured at 400 V with the 1-mm rotor are indicated by the horizontal line for comparison. The measurement errors are indicated by the error bars, and the simulated core losses are segregated into hysteresis, classical eddy-current and excess losses, damper winding losses and frame losses. Table III shows the numerical values of the losses at certain voltages and segregates the simulated losses into stator and rotor losses. The first remark is that at voltages above the rated one, the frame loss is extremely significant in order to explain the increase in the measured core losses. In the 0.5-mm and 1-mm cases, the frame loss becomes the most significant loss component at voltages above 440
V. For further validation of the frame losses, Fig. 5 a) compares the measured and simulated peak flux-densities in the frame at different voltages with the 1-mm rotor. The measured values were determined by measuring the root-mean-square (rms) voltage of a search coil wound over the frame ring (see Fig. 1 With the 0.5-mm and 1-mm sheets, the measured and simulated core losses compare quite well to each other, the difference at 400 V being 11-13 %. When the rotor sheet is changed from the 0.5-mm sheet to the 1-mm sheet, the measured 400-V losses increase from 1257 W to 1550 W, i.e. by 23 %. A 25 % increase, i.e. very similar behavior, is observed in the simulated losses.
In the 0.5-mm case, the most accurate results are obtained at 340 V when the flux densities in the stator yoke and teeth are close to 1.4 T. In this case, the accurate shape of the FORCs is insignificant and the losses in the frame are small. In the simulations with lower voltages, the accurate FORC shapes become more significant, while at higher voltages the losses in the frame start to increase. It can be seen from Table III that the stator losses are negligibly influenced by the rotor material.
The decrease in the hysteresis losses at higher voltages is caused by the saturation of the rotor. The high-frequency fluxdensity harmonics on the rotor surface are induced over a DC bias component caused by the field current. With high field current values, the rotor iron is saturated and the energy loss related to the minor loops of the high-frequency harmonics decreases.
When the rotor lamination is changed from the 1-mm sheet to the 2-mm sheet, the losses obtained from the lamination model grow approximately in the same proportion as when changing from the 0.5-mm sheet to the 1-mm one. The increase is caused by the rotor eddy-current losses which grow by 150-300 % depending on the voltage. However, the measured losses can surprisingly be seen to remain almost equal to the 1-mm case. This means that the lamination model is unable to describe the actual behavior of the field in the machine. Since the model is based on the assumptions that the core laminations are perfectly insulated from each other, and no currents flow in the stacks in the axial direction, it appears that the uninsulated sheet stacks behave in reality more like solid cores rather than ones with negligible axial eddy currents. Thus in the following, we perform a brief study for the contact resistances between the uninsulated laminations.
Uninsulated Lamination Stacks
The effect of insulating coating on the interlaminar eddy currents have been discussed quite little earlier in the literature. In [22] , increases of only a few percent were observed in the losses of toroids stacked of uninsulated laminations in comparison to ones with a good interlaminar insulation. However, the author of [23] obtained better correspondence between numerically predicted and measured inductance values of a transformer core stacked of insulated 0.35-mm laminations, when the interlamination effects were included in the model. The authors of [24] reviewed some earlier studies and concluded that the surface resistivity values do not give enough information on the losses, which are actually dependent on the size of the contact surfaces.
Despite the seemingly complex nature of the problem, the average resistivities of stacks of two lamination samples were measured to get some insight on the contacts. The 150 mm × 150 mm samples were overlapped by a width of 40 mm, and 8-mm thick copper bars were placed above and below the overlapping regions to equally distribute the 15-A DC current supplied through the laminations. The voltage over the samples was measured from the copper surfaces closest to the laminations. The whole stack was pressed together with a hydraulic press, and the average resistivities over the stacks were recorded. To exclude the copper-steel contact resistances, the resistance values obtained similarly for a stack of only one lamination were subtracted from the results. Fig. 6 a) shows the resistivities for the two materials as a function of the pressing stress. The resistivities can be seen to approach values of approximately 0.3-0.4 mΩm, corresponding to conductivities of about 2.5-3.3 kS/m. Since the original samples were slightly dusty and oily having been stored for a long time, they were next cleaned first with water and then with a dissolvent capable of removing grease, fingerprints etc. from metal surfaces. The increases in the conductivities due to the cleansing can be seen in Fig. 6 b) . The conductivities were noticed to vary significantly when different surfaces of each lamination were pressed together. Thus only the maximum conductivities obtained from a set of several measurements with the highest available pressing stress are shown. For both materials, the conductivities are more than doubled due to the cleansing.
However, they are still very small when compared to the values in Table II which means that significant contact resistances still exist between the laminations due to uneven surfaces, oxide layers etc. which agrees with the findings of [22] and [24] . In addition, the results of the resistivity measurements imply that in the actual rotor stacked of hundreds of such laminations, the contacts between the laminations are likely to be very statistical in nature.
If the contact resistances are sufficient to prevent axial eddy currents, another factor that may cause the negligible difference between the losses of the 1-mm and 2-mm rotors is that the 2-mm sheets were cut by wire cutting, while the 1-mm sheets were punched. Punching is known to cause plastic deformations near the edges of the laminations and to deteriorate their magnetic properties, which results in increases in the iron losses. The effects of wire cutting on the magnetic properties have not been studied much in the literature but it is possible that this process has a smaller effect on the losses. Since the rotor losses occur component due to loading. In fact, the stator eddy-current losses as well as all the other loss components change only negligibly when compared to the rotor eddy-current loss. The difference in the loss distributions between the rated-load and no-load operation are shown in Fig. 8 a) for the 1-mm rotor with 1-kHz PWM supply. The rotor-surface eddy currents grow with loading due to the increased spatial harmonic contents in the air-gap magnetomotive force caused by the stator currents.
The measurement results show that at the rated load, changing from the grid supply to the 6-kHz PWM supply increased the core losses in the 0.5-mm, 1-mm and 2-mm rotors by 19 %, 24 % and 22 %, respectively. Similarly, when decreasing the switching frequency from 6 kHz to 1 kHz, the losses further increased by 12 %, 9.5 % and 19 %. From the simulated values of Table III and the distribution in Fig. 8 b) , the additional inverter loss can also be seen to be induced mostly on the rotor side.
Similarly to the findings in [37] for a higher-power laminated-core machine and in [20] for a solid-rotor machine, the additional losses are induced mostly on the lagging edge of the pole shoe. This is explained by Fig. 9 , which shows the difference in the instantaneous flux-density distributions between the 1-kHz PWM supply and the grid supply. Similarly to [20] , the highfrequency flux can be seen to penetrate mostly through the lagging edge of the pole due to the higher permeability than on the saturated leading edge.
With the 0.5-mm and 1-mm rotors, the difference between the measured and simulated results can be seen to increase with the loading. This means that in the real machine, there are some load-dependent loss components not taken into account in the 2-D model. In [28] , the rotor pole-face losses in the test machine were analytically predicted to increase by 18 % due to the introduction of the skewing. However, even such an increase wouldn't explain the differences in the 0.5-mm and 1-mm cases where the stator hysteresis and eddy-current losses still comprise most of the core losses. On the other hand, [28] didn't consider the inter-bar currents which according to [30] can be a significant source of stray-load losses at least in skewed induction machines, and thus may also contribute to the difference in this case.
However, when the supply-voltage waveform becomes more distorted, mainly the load-independent differences between the measured and simulated losses increase. Thus it is likely that some eddy currents also occur in the stator and rotor end plates and are maybe also induced in the stack-end laminations by the end-winding fields. These eddy-current losses would naturally increase due to the increased harmonic contents in the voltage and flux and cause the increased difference between the measurements and simulations. Estimation of these losses would require using 3-D FE models.
Considering the aforementioned shortcomings in the 2-D model, the overall correspondence between the simulated and measured results can be considered to be sufficient at least in the case of the 0.5-mm Fe-Si rotor. In the 2-mm case, the results seem to correspond even better, but it is not exactly clear whether this is caused by the FE model overestimating the rotor eddycurrent losses similarly to the no-load case while neglecting the other load-dependent loss components, or by increase in the losses of the 0.5-mm and 1-mm rotors due to punching.
Conclusion
Core losses in a 150-kVA synchronous machine were studied both experimentally and by numerical simulations. Results with three different rotor lamination materials were presented. Despite the simple identification process for the three materials, a relatively good correspondence was obtained between the simulated and measured core losses.
The losses in the frame significantly increased when voltages above the rated one were used. The simulated frame losses started to increase at 380 V when the yoke flux density exceeded 1.4 T. When the yoke saturates, the solid-steel frame offers an easier path for the flux density, and the losses are increased due to significant eddy currents. For good performance, it should be ensured in the design stage that no excessive losses occur in the frame at the rated voltage. Based on the no-load simulations, the 2-D FE method appears to give sufficient information on the losses in the frame for this purpose. In everyday design tools, limiting the yoke flux density to a suitable value is likely to prevent the flux from penetrating the frame.
The measurement results imply that using 0.5-mm sheets should be seriously considered when designing synchronous machines for inverter operation. It can be calculated from Table III that the rated-load core losses with grid supply were increased by 66 % when the 2-mm sheet was used instead of the 0.5-mm one. In addition, the 1-mm and 2-mm sheets were much more seriously affected by the frequency-converter supply than the 0.5-mm sheet. However, the differences in the losses between the 1-mm and 2-mm rotors were found to be much smaller than expected and predicted by the FE model. This was concluded to be caused either by the very statistical galvanic contacts between the uninsulated laminations, or the different cutting methods used for the 1-mm and 2-mm sheets.
Based on the simulation results, the rotor eddy-current loss is the most affected loss component due to both the loading and the inverter supply. Thus the total core losses may be reduced by changing the air-gap length and the rotor pole-shoe construction. In [38] , a preliminary study showed that significant reductions are possible by relatively simple structural design changes. The modulation technique and the switching frequency could also be optimized to decrease the losses. However, if the total losses of the drive system are considered, a compromise has to be made between the machine losses and the switching losses in the inverter, which grow with higher switching frequencies, contrary to the core losses of the machine. 
